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Abstract: A novel two-phase composite system using polypropylene (PP) as matrix and semiconductor bismuth sulfide (Bi2S3) as 
filler, was prepared by a simple process. Surfactant KH550 was chosen to modify the interface between inorganic fillers and organic 
PP matrix. The variations of dielectric properties of the Bi2S3/PP composites with the volume fraction of Bi2S3, frequency and 
temperature were discussed. The results reveal a percolative behavior of the composites with the threshold of 0.08. The composite is 
demonstrated to have good dielectric properties. The thermal stability of dielectric property and high breakdown strength of the 
composites show their potential application in film capacitor. 
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1 Introduction 
 
With the demand of miniaturizing the electronic 
systems, great considerable attention has been paid to the 
embedded capacitor which is expected to be lighter, 
more flexible and volume efficient [1−3]. Polymer-based 
composites have been extensively studied as the 
candidate materials for the capacitive components sector 
due to the high dielectric constant and good mechanical 
flexibility [4−7]. In order to obtain high dielectric 
constants, several methods were developed. Among these, 
lots of valuable work was carried out based on 
percolation theory [4−5]. According to the percolation 
theory, a very small concentration of conductive filler 
could enhance the dielectric properties of matrix 
dramatically, while the mechanical flexibility of the 
polymer is still preserved. 
Recently, the polymer matrix such as poly 
vinylidene fluoride (PVDF), epoxy, polyimide (PI) and 
some copolymer have been studied, while the fillers 
include conductor, semiconductor and ceramic [4−13]. 
However, the low breakdown field of metal/polymer 
composite and high filler loading level of ceramic/ 
polymer composite prevent their application in film 
capacitor industry. Hence, semiconductor/polymer 
composites attract more attention due to the higher 
dielectric constant and lower conductivity at the 
percolation threshold [4, 10]. The properties of 
composites largely depend on the shape of fillers [14], 
for fillers with large aspect ratio are easier to form the 
percolation channels. Therefore, semiconductor bismuth 
sulfide (Bi2S3) nanorods are selected as the conductive 
filler; not only because of their good electrical 
conductivity, but more importantly, they have large 
aspect ratio and can be simply prepared by a 
hydrothermal method. Our previous results showed that 
the addition of Bi2S3 could enhance the dielectric 
properties of the PVDF and polyethylene (PE) [4−5]. 
Among a wide variety of commercially used 
polymers, polypropylene (PP) exhibits excellent 
mechanical, thermal and electric properties [15], and the 
most important advantage is low-cost, therefore, it 
should be a good choice as matrix. However, the 
processing techniques of PP-based composite should be 
carefully controlled. The solution method is no longer 
suitable to fabricate PP based composite since it would 
lead to the formation of foam-like PP which could not be 
processed further. In the present investigation, a 
combination of solution and melting method was 
employed to mix starting materials by controlling the 
temperatures of solvent evaporating and mixture melting, 
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and homogeneous composites were obtained. 
 
2 Materials and method 
 
All chemicals in this study were obtained from the 
commercial sources. Bi2S3 nanorods were synthesized 
according to a published hydrothermal method [4]. 
Nanorods were first dispersed in dimethylbenzene with 
the addition of γ-aminopropyltriethoxysilane (KH550) 
under ultrasonication for 1 h. PP was then dissolved in 
dimethylbenzene to form a solution. Next, PP solution 
was added into Bi2S3 suspension solution and the 
mixture was further stirred for 1 h. The mixed solution 
was spread onto a culture dish and dried at 100 °C and 
composite film was obtained. In order to fuse the mixture 
further, the composite film was melted at 170 °C and 
then cooled down to the room temperature. Finally, 
Bi2S3/PP bulk samples were made by using a simple 
bending and hot pressing method. 
The microstructure of the samples was analyzed by 
scanning electron microscopy (SEM, FEI Siron 200). Ag 
electrodes were sputtered for electric measurement. The 
dielectric properties of the composites were measured by 
Agilent 4294A impedance analyzer. The breakdown field 
strengths were tested using CS2674A breaking-down 
tester. All the samples were measured 3 times and the 
average value was used. 
 
3 Results and discussion 
 
The SEM images of Bi2S3 nanorods and Bi2S3/PP 
composites with different volume fractions are shown in 
Fig. 1. From Fig. 1 (a), it can be seen that the aspect ratio 
of synthesized Bi2S3 nanorods is 10−20 with rod lengths 
of 0.5−1 μm and diameters of 50−80 nm. A series of 
Bi2S3/PP composites with different volume fractions of 
Bi2S3 (φ(Bi2S3)) nanorods were prepared. Figures 1(b) 
and (c) show the morphologies of Bi2S3 nanorods with 
different contents of Bi2S3 dispersed in the PP matrix. 
For comparison, the microstructure of Bi2S3/PP 
composite without KH550 at φ(Bi2S3)=8% is shown in 
Fig. 1(d). It is observed that at low Bi2S3 nanorods 
content, i.e., φ(Bi2S3)=3%, most Bi2S3 nanorods are well 
dispersed in the PP matrix without remarkable 
aggregation. However, as φ(Bi2S3) increases, some Bi2S3 
aggregates emerge, as shown in Fig. 1(c). Compared 
with composite without KH550 modification (Fig. 1(d)), 
Bi2S3 nanorods fillers and PP matrix are integrated more 
tightly, with unsharp interface between them. It is 
suggested that KH550 plays an important role in 
improving the binding between inorganic and organic 
materials. 
The variations of dielectric constants and losses 
with frequency at different φ(Bi2S3) are shown in Fig. 2. 
It can be seen that the dielectric constants of the 
composites exhibit the strong frequency dependence. The 
dielectric constant reduces quickly in the low-frequency 
range, followed by a gradual decrease in the high- 
frequency range. The dielectric loss of the composites 
(shown in Figs. 2 (b) and (d)) follows the similar trend 
with frequency as the dielectric constant. Polymer could 
be polarized as a response to an applied electrical field, 
 
 
Fig. 1 SEM images of Bi2S3 nanorods (a) and Bi2S3/PP composites with φ(Bi2S3)=3% (b), φ(Bi2S3)=8% (c) and φ(Bi2S3)=8% without 
KH550 (d) 
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Fig. 2 Variation of dielectric constants and losses (see (b), (d)) with frequency at different φ(Bi2S3) (a) and frequency-dependent 
dielectric constants of Bi2S3/PP composites near percolation with and without use of KH550 at φ(Bi2S3)=8% (c) 
 
at lower temperatures, relaxations occur due to the 
orientation of smaller polar groups such as side groups or 
local segments of chains in polymer [16]. But for lack of 
polar groups, the polarity of PP is weak, and the 
dielectric response is also very weak and independent 
with frequency as shown in Fig. 2(a) with φ(Bi2S3)=0. 
The addition of conductive Bi2S3 nanorod filler critically 
changes the situation. In the Bi2S3/PP composites, 
concentration of the filler influences the polarization of 
composites system. The dielectric properties of 
composites at low frequency can be explained by 
interfacial polarization or Maxwell– Wagner–Sillars 
effect [17]. Due to different relaxation time of the PP 
matrix and inorganic phase Bi2S3, big nomadic charge 
carriers generated by surface polarization are blocked at 
the interfaces between Bi2S3 and PP matrix, and lots of 
dipoles form on the Bi2S3 nanorods. The inertia of 
formed dipoles makes the polarization spend much more 
time than other dielectric process, thus, the interfacial 
polarization occurs at low frequency, and dielectric 
constant and loss decrease rapidly when frequency 
increases. At higher frequency, the response from PP 
matrix becomes dominant. Therefore, the dielectric 
constant is comparatively independent of frequency and 
is generally lower than that at low frequency. 
To study the modification effect of KH550 on the 
organic/inorganic interface, the comparison experiments 
of dielectric properties between the composites with and 
without KH550 at φ(Bi2S3)=8% were conducted. The 
results are shown in Figs. 2(c) and (d). The results in 
Figs. 2(c) and (d) reveal that the introduction of KH550 
improves the dielectric constant of the composite, while 
the loss does not vary remarkably. With the modification 
of KH550, the bond between Bi2S3 and PP turns to 
chemical connection which is more compact. Even if the 
adjacent Bi2S3 nanorods are close to each other, there is 
still a very thin PP layer separating the neighbors. The 
existence of this thin layer is beneficial for the charge 
storage at the interface, thus the dielectric properties of 
Bi2S3/PP composites with KH550 are enhanced. 
The dependence of the dielectric constant of the 
Bi2S3/PP composites at 100 Hz with volume fraction of 
Bi2S3 (φ(Bi2S3)) is shown in Fig. 3. It is found that the 
dielectric constant increases slowly as φ(Bi2S3) increases 
when φ(Bi2S3) is lower than 7%, and is improved 
dramatically up to more than 90 when φ(Bi2S3) is 8%, 
which is nearly 40 times higher than that of pure PP 
matrix (about 2.2). As φ(Bi2S3) increases beyond the 
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Fig. 3 Dielectric constant (ε) change with (φ(Bi2S3)) measured 
at 100 Hz (a), linear fit of dielectric constant according to   
Eq. (1) (b) and loss change with φ(Bi2S3) (c) 
 
percolation threshold, up to 9%, the dielectric constant of 
the composites starts to decrease. In Bi2S3/PP composites, 
with the gradual increase of Bi2S3 content, Bi2S3 
nanorods begin to approach each other, in the applied 
electrical field and the charges generated by polarization 
are blocked at the interface, only if the distance is within 
the tunneling range, these charges are relaxed by 
tunneling [14]. Therefore, when φ(Bi2S3) is far below 
percolation threshold, the dielectric constant at low 
frequency does not increase dramatically. From the view 
of physical reason, the sharp enhancement of dielectric 
constant at percolation threshold profits from the 
formation of a large number of microcapacitors [5]. 
When the incorporation of Bi2S3 nanorods at a critical 
volume fraction (φc(Bi2S3)=8%), the conductive fillers 
get very close to each other and each microcapacitor is 
formed by the two adjacent Bi2S3 nanorods and a very 
thin PP layer. Above the percolation threshold, the 
insulator-to-conductor transition occurs. The conductive 
network leads to a large leakage current in the composite, 
thus the dielectric loss increases rapidly and dielectric 
constant decreases. The power law suggests that the 
relationship between the dielectric constant (ε) and the 
volume fraction when φ(Bi2S3) is less than φc [18−19] is 
as follows: 
 
ε(φ(Bi2S3))∝(φc−φ(Bi2S3))−s                               (1) 
 
where s is the dielectric critical exponent. Figure 3(b) 
shows the linear fit of the experimental data according to 
Eq. (1) and φc=8.2% and s=0.688 are calculated out. 
Therefore, the experimental results show a good 
agreement with percolative theory. 
The dielectric loss of the inorganic/organic 
composite is also concerned, which mainly comes from 
the electrical conduction from the inorganic filler. It is 
found that the dielectric loss of the Bi2S3/PP composite 
increases with the increase of φ(Bi2S3), and a sharp 
increase is observed near the percolation threshold due to 
leakage current produced by the formation of conductive 
network by Bi2S3 nanorods. 
From the point of practical applications, the 
temperature stability and high-voltage breakdown 
strength of dielectric composite should be considered. 
Figure 4(a) shows the temperature dependence of the 
dielectric constant of the composite near percolation, i.e., 
φ(Bi2S3)=8%. The dielectric constant does not vary with 
temperature at all considered frequencies, indicating a 
good thermal stability. The breakdown field of the 
Bi2S3/PP composite film (with thickness of about 0.065 
mm) was tested and the change with filler content is 
summarized in Fig. 4(b). The experimental results in  
Fig. 4(b) show that with the increase of φ(Bi2S3), the 
breakdown field strength gradually decreases, from 39 
kV/mm to 21 kV/mm, which may be due to the 
introduction of conductive semiconductor. Besides, the 
breakdown field strength is also dependent on the 
dispersion of the Bi2S3 nanorods. The severe 
agglomeration of Bi2S3 nanorods could easily lead to the 
breakdown of the composite. The working field strength 
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of the film capacitors is in the range from 4 kV/mm to 70 
kV/mm, and thus the novel Bi2S3/PP composites 
developed in the present investigation can meet the 
requirements of capacitive components. 
 
 
Fig. 4 Change of dielectric constants of Bi2S3/PP composites 
with temperature (a) and change of breakdown field strength of 
Bi2S3/PP composite film with φ(Bi2S3) 
 
4 Conclusions 
 
1) A novel two-phase Bi2S3/PP composite with good 
dielectric performance was successfully fabricated by a 
flexible method. 
2) The introduction of Bi2S3 nanorods in the PP 
matrix significantly improves the dielectric constant of 
the matrix with a low percolation threshold (φ(Bi2S3)= 
8%). KH550 plays an important role in the interface 
modification between inorganic fillers and organic 
matrix. 
3) The dielectric property of Bi2S3/PP composite is 
stable at 0−100 °C, and the breakdown field strength of 
the composite meets the requirements of capacitors. 
4) The flexible Bi2S3/PP composites developed in 
this study are promising high dielectric materials for 
practical applications in high-charge storage capacitors. 
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